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Surface plasmon resonance in super-period metal nanoslits can be observed in the 
first order diffraction as well in the zeroth order transmission. In this paper, surface 
plasmon resonance modes in various super-period gold nanoslit arrays are 
investigated. It is found that the surface plasmon resonance frequencies are 
determined by the small period of the nanoslits in super-period nanoslits. The 
number of nanoslits in the unit cell super-period and the nanoslit width do not 
control the surface plasmon resonance frequencies. It is also found that the 
resonance wavelength observed in the first order diffraction reveals more accurate 
the real surface plasmon resonance wavelength in the metal super-period nanoslit 
array device. 
OCIS Codes: 240.6680, 230.1950, 300.6190 
1. Introduction 
Surface plasmon resonance in metal nanostructures has been a subject of extensive 
investigations over the past decade. One of most investigated surface plasmon resonance 
nanostructures is periodic metal nanoslit array [1-12]. A periodic metal nanoslit array supports 
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surface plasmon resonance when it is illuminated with a tranverse magnetic (TM) optical wave 
that is polarized perpendicularly to the metal nanoslits at the surface plasmon resonance 
frequency. At the surface plasmon resonance frequncy, a TM optical wave can resonantly tunnel 
through the nanoslits with significantly enhanced light transmission. Recently, we demonstrated a 
new surface plasmon resonance spectrometer sensor with a super-period metal nanoslit array 
without using an optical spectrometer [13]. In a super-period mertal nanoslit array, there are two 
periods in the nanostructure: one is a small subwavelength period that supports local surface 
plasmon resonance; another is a large period, called “super-period,” that helps to radiate surface 
plasmon from the metal nanostructure to the far-field. Although a surface plasmon resonance 
spectrometer sensor based on super-period nanoslits has been experimentally demonstrated, 
surface plasmon resonances in super-period metal nanoslit structures have not been well 
invetsigated. In this paper, we present our numerial investigations on various super-period gold 
nanoslit structure for the purpose to understand how surface plasmon resonances are related to 
different metal nanoslit structure parameters. 
2. Structure Dependence of Surface Plasmon Resonances in 
Super-Period Metal Nanoslit Gratings 
A super-period metal nanoslit array consists of periodically arranged regular periodic 
nanoslit arrays in a thin metal film on a transparent dielectric substrate, as shown in the Fig. 1. 
The metal nanoslits have a small period p which is below the resonance wavelength of interest. 
The small period nanoslits are arranged with a large period P by periodically removing one 
nanoslit for every N nanoslits, where N is an integer number. Once the metal nanoslit device is 
illuminated, surface plasmons in the metal nanoslits radiate coherently and form non-zeroth order 
diffractions that propagate in the free space in addition to the zeroth order transmission. At the 
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normal incidence, the angle (ө) of the first order diffraction is Sin(ө)= /P, where  is the free 
space wavelength and P is the grating period.  
Using the recursive matrix algorithm in the reference [14], we can calculate the zeroth order 
transmission and the first order diffraction versus the excitation wavelength from the super-period 
gold nanoslit array shown in the Fig. 1. The small nanoslits period is p. The nanoslit aperture 
width is w. The gold film thickness is t = 60 nm in all our calculations. The incident optical wave 
has the polarization perpendicular to the metal nanoslits and is incident normally from the glass 
substrate. The direction of incidence is designated as the z-direction. The x-direction is 
perpendicular to the nanoslits. In our calculations, the electrical permittivity of gold film is 
obtained from a Lorentz-Drude (LD) model based on the experimental result [15]. At the 
beginning of the calculations, we gradually increase the number of Fourier modes to test the 
convergence of the calculation results. Finally we include a total number of 170 Fourier modes in 
our calculations to give accurate results.  
 
Fig. 1. (Color online) A super-periodic gold nanoslit array with a small period (p) and a large period (P). 
First, we keep the nanoslit aperture width of 140 nm to calculate the zeroth order 
transmittance and the first order diffraction spectra for devices with different small nanoslit 
periods. The number of nanoslits in each super-period is four, i.e. every five small periods, one 
nanoslit is missing. The gold film thickness is 60 nm. The spectral resolution in our calculations is 
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1.0 nm. Fig. 2 (a) shows the zeroth order transmission spectra for devices of three different 
nanoslit periods of 390 nm, 420 nm, and 450 nm, respectively. Fig. 2 (b) shows the first order 
diffraction efficiencies from the three devices. For the super-period nanoslit device with the small 
period of 390 nm, the zeroth order transmission peak is at the 575 nm wavelength as shown in the 
Fig. 2(a). The corresponding first order diffraction peak wavelength is at 566 nm which is close 
but slightly smaller than the zeroth order tranmission peak wavelength. The enhanced zeroth 
order transmission and the corresponding first order diffraction peak are due to the surface 
plasmon resonance in the 390 nm period metal nanoslits. For the super-period nanoslit device 
with 420 nm small period, the maximal zeroth order transmission is at the 612 nm wavelength. 
The corresponding first order diffraction peak is at 609 nm which is close but slightly less than 
the zeroth order tranmission peak wavelength. The enhanced zeroth order transmission and the 
corresponding first order diffraction peak are due to the surface plasmon resonance in the 420 nm 
period metal nanoslits. For the super-period nanoslit device with the 450 nm small period, the 
maximal zeroth order transmission is at the 653 nm wavelength. The corresponding first order 
diffraction peak is also at 653 nm. The maximal zeroth order transmission and the corresponding 
first order diffraction peak at this wavelength are due to the surface plasmon resonance in the 
metal nanoslits. It can be seen that the surface plasmon resonance wavelength increases as the 
small period increases and the resonance wavelength observed in the first order diffraction is 
about the same, but not exactly the same as the resonance wavelength observed in the zeroth 
order transmission. 
To compare with the surface plasmon resonance in regular metal nanoslit arrays, we 
calculated the transverse magnetic (TM) optical wave transmittance through regular gold nanoslit 
arays with period of 390 nm, 420 nm, and 450 nm on the same kind of substrates. The gold film 
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thickness is 60 nm. The calculation results are plotted in Fig. 2(c), which show enhanced 
transmissions at the surface plasmon resonance wavelengths. The peak transmission wavelength 
is the same as the peak wavelength in the first order diffraction from the super-period nanoslit 
array. Therfore, the resonance wavelength observed in the first order diffraction from the super-
period metal nanoslit array reveals better the surface plasmon resonance in the regular metal 
nanoslit array. 
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Fig. 2. (Color online) (a) The zero-order transmission spectra and (b) the first order diffraction spectra from the super-
period nanoslit arrays of three different nanoslit small periods and the same slit width (w=140 nm)., (c) transmittance 
through regular periodic gold nanoslit arrays with the different small periods of 390 nm, 420 nm, and 450 nm. 
Super-period metal nanoslit arrays have additional surface plasmon resonance modes 
comparing with the regular metal nanoslit arrays. The additional surface plasmon resonance 
modes are due to the large period in the grating structure. For the super-period metal nanoslit 
array with 420 nm small period and 2100 nm super-period, the fundamental surface plasmon 
resonance is at 609 nm. Another surface plasmon resonance is at 672 nm. To understand the 
surface plasmon resonance in the super-period metal nanoslits, we calculated the electric field 
distributions at the wavelength of 609 nm. Fig. 3(a) shows the Ex component of the electric field 
distribution in the device at the 609 nm wavelength in the log scale. Fig. 3(b) shows the Ez 
component of electric field distribution in the device at the 609 nm wavelength in the log scale. 
Fig. 3(c) shows the Ex component of the electric field distribution in the device at the peak zeroth 
order transmission wavelength of 612 nm in the log scale. Fig. 3(d) shows the Ez component of 
electric field distribution in the device at the peak zeroth order transmission wavelength of 612 
nm in the log scale. It can be seen clearly that the electric field in the device is stronger at the first 
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order diffraction peak wavelength than the electric field at the peak zeroth order transmittance 
wavelength. This indicates the the resonance observed in the first order diffraction reveals more 
accurate the surface plasmon resonance occured in the super-period metal nanoslit array device.  
 
Fig. 3. (Color online) The electric field distributions in the super-period metal nanoslits array in the log 
scale: (a) Ex component of the electric field at the peak first order diffraction wavelength of 609 nm; (b) Ez 
component of the electric field at the peak first order diffraction wavelength of 609 nm; (c) Ex component 
of the electric field at the zeroth order peak transmittance wavelength of 612 nm; (d) Ez component of the 
electric field at the 612 nm wavelength. 
Each nanoslit in device can be thought as an optical antenna which radiates upon the optical 
excitation. The radiation of the nanoslit antenna array reaches to the maximum when the surface 
plasmon resonance is excited. The nanoslit antennas array gives a radiation pattern as it is seen 
the in the spatial distribution of the Ex component. The electric field is focused at a distance of 
approximate 1.2 micron above the nanoslit metal surface. This is due to the interference of 
radiations from the four nanoslits in each sub-array. From the Fig. 3 (b) and Fig. 3(c), it can be 
seen that the Ez component is zero in the center lines of 700 nm wide metal strips and also in the 
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center lines of each nanoslit unit cells. This is due to the symmetry of the super-period nanoslit 
structure and the Ez becomes zero along these lines. Fundamentally, it is the interference of 
nanoslit radiations that give the field distribution pattern. The surface plasmon resonance in the 
nanoslit array enhances the radiation.  
Fig. 4 (a) and (b) show the electric field distributions of the Ex component and the Ez 
component respectively at 762 nm, the first order diffraction peak wavelength. The metal 
nanoslits on both sides of the 700 nm wide metal strips radiate more strongly than the nanoslits in 
the center of the nanoslits array. This indicates that the surface plasmon resonance in 700 nm 
wide metal strips enhances the radiation of the nanoslits dipole antennas on both sides of the gold 
metal strips. In Fig. 4(a), it can be seen that the Ex field is focused in a distance of about 1.5 
micron above the nanoslits metal surface. The further focal distance than that in the Fig. 3(a) is 
due to the longer wavelength of the surface plasmon reasonance. Fig. 4(c) shows the Ex 
component of the electric field distribution in the device at the peak zeroth order transmission 
wavelength of 674 nm in the log scale. Fig. 3(d) shows the Ez component of electric field 
distribution in the device at the peak zeroth order transmission wavelength of 674 nm in the log 
scale. It can be seen that the electric field in the device is stronger at the first order diffraction peak 
wavelength than the electric field at the peak zeroth order transmittance wavelength. This 
indicates the the resonance observed in the first order diffraction reveals more accurate the 
surface plasmon resonance in the metal nanostructure. 
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Fig. 4. (Color online) The electric field distributions in the super-period metal nanoslits array in the log 
scale: (a) Ex component of the electric field at the wavelength of 762 nm, (b) Ez component of the electric 
field at the wavelength of 762 nm, (c) Ex component of the electric field at the peak zeroth order 
transmittance wavelength of 764 nm; (d) Ez component of the electric field at the peak zeroth order 
transmittance wavelength of 764 nm. 
We also calculated the zeroth order transmission and the first order diffraction spectra from 
super-period metal nanoslit arrays of different nanoslits widths (w) but the same small nanoslit 
period of 420 nm and the same large period of 2100 nm. The metal film thickness is at 60 nm. 
Fig. 5(a) shows the zeroth order transmission spectra for three super-period nanoslit arrays with 
nanoslit width of 120 nm, 140 nm, and 160 nm, respectively. Fig. 5(b) shows calculated first 
order diffraction spectra from these three super-period nanoslit arrays. As it is seen in the Fig. 5, 
the change of nanoslit width has no impact on the resonance wavelength, but has a significant 
impact on the line-width of the resonance. Narrower aperture width gives narrower line-width 
and slightly reduced zeroth order transmission and first order diffraction. 
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Fig. 5. (Color online) (a) The zeroth order transmittance and (b) the first order diffraction from the super-period gold 
nanoslits arrays with different nanoslits widths. 
To find out how the number of nanoslits in each super-period affects the resonance, we 
calculated the zeroth order transmission and the first order diffraction for super-period nanoslit 
arrays with different numbers of nanoslits in the super-period unit cell while keeping all the other 
parameters same. Fig. 6 (a) shows the zeroth order transmission spectra from the super-period 
nanoslits with increasing number of nanoslits in the super-period unit cell from three to five. The 
nanoslit width is 140 nm and the small period is 420 nm for all three devices. The super-period is 
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1680 nm, 2100 nm, and 2520 nm, respectively. The zeroth order tranmission peaks are all at 612 
nm although they have different resonance strengths. The first order diffraction peaks are at 609 
nm. It is clearly seen that the resonance wavelength does not change when the number of 
nanoslits in the super-period unit cell changes. The resonance strength in the first order diffraction 
decreases as the number of nanoslits per the large period increases as shown in the Fig. 6 (b). This 
is because less energy resides in the first order diffraction as more diffraction orders start to get in 
as the super-period increases. We also calculated the zeroth order transmission and the first order 
diffraction from super-period nanoslit arrays with two nanoslits in the super-period unit cell. 
Surface plasmon resonances can also be observed in the the zeroth order transmission and in the 
first order diffraction for the super-period unit cell of two nanoslits. 
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Fig. 6. (Color online) (a) The zeroth order transmission and (b) the first order diffraction of super-period metal nanoslit 
arrays with different number of nanoslits in the super-period unit cell. 
3. Summary 
In summary, we have calculated the zeroth order transmission and the first order diffraction 
versus the wavelength from various super-period gold nanoslit arrays upon TM optical wave 
excitations. It is found that the peak diffraction wavelength in the first order diffraction is very 
close to but not exactly the same as the zeroth order transmission peak wavelength. The peak 
wavelength in first order diffraction is the same as the peak transmission wavelength of the 
regular nanoslit array with the same period. The resonance observed in the first order diffraction 
spectrum reveals more accurate the surface plasmon resonanc occured in the super-period 
nanoslit device. It is also found that the change of the number of nanoslits in the unit cell of the 
super-period nanoslit array does not affect the surface plasmon resonance frequncy. The surface 
plasmon resonance frequency is primarily controlled by the small period of nanoslits in the unit 
cell and does not change with the nanoslits width and the number of nanoslits in the supere-
period unit cell. The findings in this work provide new insights to the surface plasmon resonance 
phenomena in super-periog metal nanosslit arrays. Super-period metal nanoslit device 
(b)
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invetsigated here can be integrated with nano and microfluidic devices and potentially usefull for 
many biochemical and biomedical measurement applications. 
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